Abstract: Silver dendrites were prepared by electrochemical deposition. The structures of the Ag dendrites, the type of twins and their distribution were investigated by scanning electron microscopy (SEM), Z-contrast high angle annular dark field transmission electron microscopy (HAADF), and crystallographically sensitive orientation imaging microscopy (OIM). The results revealed that the silver dendrites were characterized by the presence of randomly distributed 180° rotational twin domains. The broad surface of dendrites was of the {111} type. The directions of growth of the main dendrite stem and all branches were of the <112> type.
INTRODUCTION
Dendritic growth is one of the most complex patterns that evolves through the dynamic processes of crystal growth and therefore has remained an active subject for experimental and theoretical studies for an extended period. During the past several decades, dendritic growth has attracted a large number of researchers in the broad areas of material science, condensed matter physics, fluid dynamics, applied mathematics, etc. [1] [2] [3] It has been regarded as a typical example of a variety of pattern formations in nature and technology. Among various metals, the preparation of Ag dendrites has been widely investigated because of their unique optical properties and potential applications in surface-enhanced 108 IVANOVIĆ, NIKOLIĆ and RADMILOVIĆ Raman spectroscopy (SERS), 4 ,5 catalysis, 6 ,7 sensors 8 and the fabrication of superhydrophobic surfaces. 9 Several methods were explored to synthesize dendritic Ag structures, including electrochemical deposition, 10 the galvanic replacement reaction, 4, 11, 12 electroless deposition, 10 sonoelectrochemistry, 13,14 microwave irradiation, 15 hydrothermal reduction, 6 photoreduction 16 and the template method. 17 Electrochemical deposition has an advantage over the other methods because the driving force, i.e., overpotential, is more controllable and is able to produce dendritic structures with high purity. Therefore, electrodeposition represents a powerful technique that provides versatility in tailoring the architecture of metals on the micro/nanoscale.
Several mechanisms, such as the diffusion-limited aggregation (DLA) model, 18 oriented attachment growth, [19] [20] [21] nanoparticle-aggregated self-assembly crystallization, 22 anisotropic crystal growth, 23 site-specific sequential nucleation, 11, 24 multistep self-assembly process 12 and the cluster-cluster aggregation model (CCA) model, 25 were proposed to explain Ag dendritic growth in various systems. The electrochemical literature has defined the problem of roughening in electrodeposition. 10 Mullins-Sekerka linear stability analysis 26 and the BartonBockris dendrite-propagation model 27 are popular methods used to describe cathodic roughening and dendritic growth in electrochemical deposition. These commonly cited theories employ kinetic relationships that differ in mathematical form, but both contain the effects of surface tension and local concentration deviations induced by surface roughening.
However, intrinsic dendritic structures, i.e., the appearance of well-defined and fairly regular branching and directions of growth, cannot be explained by the nonspecific models mentioned above. The twin plane reentrant edge (TPRE) mechanism or WHS model 28, 29 is also a much-cited model of dendritic growth. In this mechanism, crystal growth arises through the formation of reentrant grooves at the intersection by the twin planes, which make this location a favorable site for nucleation. Based on this model, a dendrite is a twin crystal with at least one twin boundary, which extends throughout the dendrite and is parallel to the main dendrite plane.
The aim of this research effort was to investigate the role of twinning, the type and shape of twins, and the presence of twin domains and their distribution in silver dendrites obtained by electrochemical deposition.
EXPERIMENTAL
The electrodeposition was realized using a typical set-up consisting of a platinum cathode with geometric surface area of 0.53 cm 2 . The reference and counter electrodes were of pure silver. The counter electrode was silver foil of surface area approximately 0.80 dm 2 , placed close to the cell walls. The reference electrode was a silver wire, the tip of which was positioned at a distance of ≈0.2 cm from the surface of the working electrode. The working TWINNING IN ELECTRODEPOSITED SILVER DENDRITES 109 electrode was placed in the center of the cell. The electrolyte solution consisted of 0.06 M AgNO 3 + 1.2 M NaNO 3 + 0.05 M HNO 3 . Double distilled water was used for preparing the solutions. The total electrolyte volume was 100 mL and the electrodeposition was performed at 100 mV, at room temperature. The electrodeposition time was 72 s. The as-prepared Ag dendrites were sequentially rinsed with distilled water and ethanol for further characterization.
The morphology and microstructure of silver dendrites were characterized and analyzed by SEM and crystallographically sensitive orientation imaging microscopy (OIM) using a DB235 FIB system, and by Z-contrast high angle annular dark field transmission electron microscopy (HAADF) using a TEAM 0.5 transmission electron microscope operating at 300 kV. Orientation imaging microscopy (OIM) is based on electron-backscattered diffraction (EBSD), generated from the top 10 to 50 nm of the material surface. When exposed to the atmosphere, silver dendrites can rapidly oxidize, covering the surface with Ag 2 O. A silver oxide film would decrease the signal to noise ratio and make it difficult to analyze silver dendrite twin structures using the EBSD tool. To solve this problem, Ferrer et al. 30 proposed the solution of having an EBSD system installed on a dual-beam focused ion beam system (FIB). This concept allows the EBSD analysis to be performed immediately after material surface preparation, 31 using a focused ion beam (FIB), without breaking the vacuum.
RESULTS AND DISCUSSION
The polarization curve for silver electrodeposition from 0.06 M AgNO 3 + 1.2 M NaNO 3 + 0.05 M HNO 3 is shown in Fig. 1a . The plateau of the limiting diffusion current density corresponds to the range of overpotentials between 75 and 175 mV. The dependence of the current density on the time of electrodeposition obtained at an overpotential of 100 mV is presented in Fig. 1b . A fast increase in the current density with electrodeposition time was observed during the electrodeposition process at this overpotential. The typical morphology of electrodeposited silver dendrites obtained at an overpotential of 100 mV, characterized by scanning electron microscopy (SEM), is shown in Fig. 2a . The simplest dendrites consisted of only the stem and primary branches and are referred to as primary (P) dendrites. If the primary branches in turn developed secondary branches, the dendrites are called secondary (S). With an additional set of branches, tertiary (T) dendrites were formed. From the SEM image, it appears that these dendrites were two-dimensional patterns with the main stem and all branches being in the same plane; such dendrites are often referred to as two-dimensional or 2D crystals. 32 Figure 2b shows that the main stem of a dendrite is formed by the stacking of octahedrons mostly in the elongated form undergoing longitudinal propagation along the specific crystallographic direction. Primary and secondary hexagons (mostly irregular) develop and grow outwards from the main stem, as is shown in Fig. 2c .
A high angle annular dark field (HAADF) transmission electron micrograph of a silver dendrite is shown in Fig. 3 . Both, the primary and secondary branches exhibited much the same or similar contrast, indicating they were all of approximately the same or similar thicknesses. The exceptions are the bright dots on the main stem, which indicate that some of the primary branches had grown perpendicular to the main stem and to the broad main dendrite surface. The angles between the main stem and primary branches, as well as between primary and secondary branches were 60°. This angular relationship between branches indicates that the main axis of the dendrite was parallel to the <112> direction and all branches were also parallel to the same family of crystallographic directions.
A 100 pole figure of an Ag dendrite is shown in Fig. 4a . From this pole figure, it is obvious that the crystallographic orientation of this silver dendrite was close to 111, indicated by the 111 pole being in the center of the stereographic projection. There are two sets of 100 poles present in this pole figure, related to each other by rotation of 180° around the [111] direction. These results confirm that the growth direction of the main stem of the dendrite was close to [ 1 12] and the directions of the branches were [121] and [211] . These results clearly show that, besides the commonly accepted presence of a twin plane parallel to the broad dendrite surface plane, 28, 29 this silver dendrite structure was characterized by the presence of two types of twins, related to each other by 180° rotation around the [111] crystallographic direction, as indicated in the 100 pole figure (Fig. 4a) . From the color-coded map (Fig. 4b) , taken from the region shown by the white rectangle in the back-scattered scanning electron image in Fig. 4c , it appears that the 180° rotational twin domains were randomly distributed. Colors of the twins in stereographic projection (Fig. 4a) correspond to the appropriate twin variances in the color-coded map (Fig. 4b) . Not all details shown in Fig. 4c are present in the color-coded map. Since the map was obtained at a 70° tilt angle, any closely spaced branches, shown in Fig.  4c , cannot be separated. Both twin domains are random in terms of size and shape, and the 111 pole in the center of the 100 pole figure confirms that they 112 IVANOVIĆ, NIKOLIĆ and RADMILOVIĆ have the same (111) plane parallel to the main broad twin surface in common. High susceptibility for twinning of these dendrites comes from very low stacking fault energy of silver of ≈16 mJ m -2 . 33 In summary, the structures of electrodeposited Ag dendrites were investigated by SEM, Z-contrast HAADF and OIM. The results revealed that the Ag dendrites exhibited the presence of well-defined randomly distributed twin domains of irregular size and shape. These twin domains were related to each other by 180° rotation around the common [111] crystallographic axis, which is normal to the main broad dendrite surface. The growth direction of the main dendrite stem was found to be close to [ 1 12] and the direction of the branches were [121] and [211] .
